US009924512B1

a2 United States Patent
Zhang et al.

US 9,924,512 B1
Mar. 20, 2018

(10) Patent No.:
45) Date of Patent:

(54) OFDMA WITH BLOCK TONE ASSIGNMENT (56) References Cited

FOR WLAN

U.S. PATENT DOCUMENTS

(75) Inventors: Hongyuan Zhang, Fremont, CA (US);
Rohit U. Nabar, Sunnyvale, CA (US); 6,654,921 B1  11/2003 Jones et al.
it | 8437440 Bl 52013 Zhang et al.
Hui-Ling Lou, Sunnyvale, CA (US) 8,571,010 Bl  10/2013 Zhang et al.
8,724,720 B2 5/2014 Srinivasa et al.
(73) Assignee: Marvell International Ltd., Hamilton 8,867,675 B1* 10/2014 Zhang ................. HO4L 27/2657
(BM) _ 375/259
8,886,755 B1  11/2014 Liu et al.
(*) Notice: Subject to any disclaimer, the term of this 9,031,044 B2 52015 .SamPath et al.
patent is extended or adjusted under 35 (Continued)
U.S.C. 154(b) by 1637 days.
OTHER PUBLICATIONS
(21) Appl. No.: 12/730,651 i
IEEE P802.16Rev2/D5 (Jun. 2008); Part 16: Air Interface for
(22) Filed: Mar. 24, 2010 Broadband Wireless Access Systems.™
(Continued)
Related U.S. Application Data Primary Examiner — Michael J Moore, Jr.
(60) Provisional application No. 61/162,780, filed on Mar.
24, 2009. 57 ABSTRACT
A plurality of different orthogonal frequency division mul-
(51) Int. Cl. tiplexing (OFDM) sub-channel blocks are assigned to a
Ho4w 4/00 (2009.01) plurality of devices including a first device and a second
Ho4w 72/04 (2009.01) device. The plurality of OFDM sub-channel blocks includes
HO4L 5/00 (2006.01) a first OFDM sub-channel block assigned to the first device
HO4W 84/12 (2009.01) and a second OFDM sub-channel block assigned to the
(52) US.CL second device. Data for the first device and data for the
CPC ... HO04W 72/0453 (2013.01); HO4L 5/003 second device are received. OFDM data units are generated,
(2013.01); HO4L 5/0007 (2013.01); HO4W wherein data for the first device is modulated on sub-
84/12 (2013.01) channels in the first OFDM sub-channel block and data for
(58) Field of Classification Search the second device is modulated on sub-channels in the

CPC ....cccue. HO04W 84/12; HO4W 72/0453; HO4W
72/0413; HO4W 74/0816; HO4W 88/08,;
HO4W 72/0446; HO4W 74/006; HO4W
72/042; HO4W 72/04; HO4L 5/0007,
HO4L 5/0048; HO4L 5/0055; HO4AL
27/2601; HO4L 27/2602
See application file for complete search history.

second OFDM sub-channel block. At least one of the OFDM
sub-channel blocks is formatted to substantially conform to
a physical layer specification of a WLAN communication
protocol having a maximum channel bandwidth smaller than
a bandwidth of the generated OFDM data units.

30 Claims, 15 Drawing Sheets

300

f304

ASSIGN A PLURALITY OF DIFFERENT
OFDM SUB-CHANNEL BLOCKS TO A
PLURALITY OF CLIENT STATIONS

l 308

RECEIVE A PLURALITY OF
INDEPENDENT DATA STREAMS FOR
THE PLURALITY OF CLIENT STATIONS

l /312
GENERATE OFDM DATA UNITS IN

WHICH THE PLURALITY OF DATA
STREAMS ARE MODULATED IN
RESPECTIVE OFDM SUB-CHANNEL
BLOCKS

l 316
TRANSMIT THE OFDM DATA UNITS

ZYXEL-1014
Page 001 (of 29)



US 9,924,512 B1
Page 2

(56) References Cited
U.S. PATENT DOCUMENTS

9,172,455 B2  10/2015 Wentink et al.

9,237,538 B1* 1/2016 Zhang ................... HO4L 29/10
2005/0047384 Al 3/2005 Wax et al.
2005/0058151 Al*  3/2005 Yeh ...ccoovviviiiiiiiniin. 370/445
2006/0023669 Al* 2/2006 Yamaura et al. ... 370/335

2008/0075058 Al 3/2008 Mundarath et al.

2008/0298299 Al  12/2008 Thesling

2008/0316961 Al* 12/2008 Bertrand et al. .............. 370/329
2009/0022093 Al 1/2009 Nabar et al.

2009/0022128 Al 1/2009 Nabar et al.

2009/0041144 Al 2/2009 Biswas et al.

2009/0196163 Al 8/2009 Du

2009/0232234 Al 9/2009 Du

2009/0262696 Al* 10/2009 Weietal. .....ccccenn. 370/329
2009/0316621 Al  12/2009 Lane et al.

2010/0029289 Al 2/2010 Love et al.

2010/0046656 Al 2/2010 van Nee et al.

2010/0061333 Al* 3/2010 Marsh etal. ................ 370/330
2010/0061334 Al 3/2010 Gault et al.

2010/0220601 Al 9/2010 Vermani et al.

2010/0220678 Al 9/2010 Wentink

2010/0238850 Al 9/2010 Abraham et al.

2010/0246399 Al 9/2010 Abraham et al.

2010/0246498 Al* 9/2010 Limetal. .....cccconn. 370/329
2010/0248630 Al 9/2010 Abraham et al.

2010/0260159 Al  10/2010 Zhang et al.

2010/0284393 Al  11/2010 Abraham et al.

2010/0309868 Al* 12/2010 Yang etal. ............ 370/329
2011/0038332 Al 2/2011 Liu et al.

2011/0059762 Al 3/2011 Jones, IV et al.

2011/0103352 Al 5/2011 Wentink

2011/0116485 Al1* 5/2011 Olszewski et al. ........... 370/338
2011/0188482 Al 8/2011 Vermani et al.

2011/0235596 Al 9/2011 Wentink

2012/0300754 Al  11/2012 Rosenqvist et al.

OTHER PUBLICATIONS

IEEE Std 802.11a-1999 (Supplement to IEEE Std 802.11-1999)
“Supplement to IEEE Standard for Information technology—Tele-
communications and information exchange between systems—
Local and metropolitan area networks—Specific requirements—
Part 11: Wireless LAN Medium Access Control (MAC) and
Physical Layer (PHY) specifications: High-Speed Physical Layer in
the 5 Ghz Band,” The Institute of Flectrical and Electronics
Engineers, Inc., (1999).

IEEE Std 802.11b-2001 (Corrigendum to IEEE Std 802.11b-1999)
“IEEE Standard for Information technology—Telecommunications
and information exchange between systems—I.ocal and metropoli-
tan area networks—Specific requirements, Part 11: Wireless LAN
Medium Access Control (MAC) and Physical Layer (PHY) speci-
fications, Amendment 2: Higher-speed Physical Layer (PHY) exten-
sion in the 2.4 GHz band-Corrigendum 1,” The Institute of Elec-
trical and Electronics Engineers, Inc., Nov. 7, 2001.

IEEE Std 802.11g/D8.2, Apr. 2003 (Supplement to ANSIIEEE Std
802.11, 1999 (Reaff 2003)) “Draft Supplement to Standard [for]
Information technology—Telecommunications and information
exchange between systems—I.ocal and metropolitan area net-
works—Specific requirements, Part 11: Wireless LAN Medium
Access Control (MAC) and Physical Layer (PHY) specifications:
Further Higher Data Rate Extension in the 2.4 GHz Band, "The
Institute of Electrical and Electronics Engineers, Inc., Apr. 2003.
S. A. Mujtaba, “IEEE P802.11—Wireless LANS, TGn Sync Pro-
posal Technical Specification,” The Institute of Electrical and
Electronics Engineers, Inc., doc.: IEEE 802.11—04/088916, May
2005.

IEEE Std 802.16-2004 (Revision of IEEE Std 802.16-2001), “IEEE
Standard for Local and metropolitan area networks; Part 16: Air
Interface for Fixed Broadband Wireless Access Systems,” The
Institute of Electrical and Electronics Engineers, Inc., Oct. 1, 2004,
893 pages.

International Standard, ISO/IEC 8802-11, ANSIVIEEE Std 802.11,
“Information technology—Telecommunications and information
exchange between systems—local and metropolitan area net-
works—specific requirements” Part 11: Wireless LAN Medium
Access Control (MAC) and Physical Layer (PHY) specifications,
The Institute of Electrical and Electronics Engineers, Inc., (1999).
IEEE Std 802.11a-1999 (R2003) (Supplement to IEEE Std 802.11-
1999) “Supplement to IEEE Standard for Information technology—
Telecommunications and information exchange between systems—
Local and metropolitan area networks—Specific requirements—
Part 11: Wireless LAN Medium Access Control (MAC) and
Physical Layer (PHY) specifications: High-Speed Physical Layer in
the 5 GHZ Band,” The Institute of Electrical and Electronics
Engineers, Inc., (1999) Reaffirmed Jun. 12, 2003.

IEEE Std 802.11b-1999 (Supplement to ANSVIEEE Std 802.11,
1999 Edition) “Supplement to IEEE Standard for Information
technology—Telecommunications and information exchange
between systems—I.ocal and metropolitan area networks—Specific
requirements Part 11: Wireless LAN Medium Access Control
(MAC) and Physical Layer (PHY) specifications: Higher-speed
Physical Layer Extension in the 2.4 Ghz Band,” The Institute of
Electrical and Electronics Engineers, Inc., 1999.

IEEE Std 802.11g/D2.8, May 2002 (Supplement to ANSI/IEEE Std
802.11, 1999 Edition) “Draft Supplement to Standard [for] Infor-
mation  technology—Telecommunications and  information
exchange between systems—ILocal and metropolitan area net-
works—Specific requirements—Part 11: Wireless LAN Medium
Access Control (MAC) and Physical Layer (PHY) specifications:
Further Higher-Speed Physical Layer Extension in the 2.4 GHz
Band,” The Institute of Electrical and Electronics Engineers, Inc.,
May 2002.

IEEE Std P802.11-REVma/06.0, “Unapproved Draft Standard for
Information Technology—Telecommunications and information
exchange between systems—ILocal and metropolitan area net-
work—Specific requirements Part 11 : Wireless LAN Medium
Access Control (MAC) and Physical Layer (PHY) specifications.
(This document reflects the combining of the 2003 Edition of 802.11
plus the 802.11 g, 802.11 h, 802.11 i and 802.11j Amendments)
(Revision of IEEE Std 802.11-1999) (Superseded by P802.11-
REVma_D7.0),” The Institute of Electrical and Electronics Engi-
neers, Inc., 2006.

IEEE Std 802.11-2007 (revision of IEEE Std. 802.11-1999) “Infor-
mation Standard for Information technology—Telecommunications
and information exchange between systems—I.ocal and metropoli-
tan area networks—Specific requirements” Part 11 : Wireless LAN
Medium Access Control (MAC) and Physical Layer (PHY) Speci-
fications, The Institute of Electrical and Electronics Engineers, Inc.,
(Jun. 12, 2007).

Chen, “Home Network Basis: Transmission Environments and
Wired/Wireless Protocols,” Prentice Hall (Jul. 2003).

Hiertz, et al., “The IEEE 802.11 Universe,” IEEE Communications
Magazine, pp. 62-70, Jan. 2010.

“IEEE P802.11n™/D3.00, Draft STANDARD for Information
Technology—Telecommunications and information exchange
between systems—I.ocal and metropolitan area networks—Specific
requirements, Part 11: Wireless LAN Medium Access Control
(MAC) and Physical Layer (PHY) specifications: Amendment 4:
Enhancements for Higher Throughput,” The Institute of Electrical
and Electronics Engineers, Inc., Sep. 2007.

“IEEE Std. 802.11 n™ IEEE Standard for Information Technol-
ogy—Telecommunications and information exchange between sys-
tems—Local and metropolitan area networks—Specific require-
ments, Part 11: Wireless LAN Medium Access Control (MAC) and
Physical Layer (PHY) Specifications: Amendment 5: Enhancements
for Higher Throughput,” The Institute of Electrical and Electronics
Engineers, Inc., Oct. 2009.

van Nee, et al. “The 802.11 n MIMO-OFDM Standard for Wireless
LAN and Beyond,” Wireless Personal Communications, vol. 37, pp.
445-453 (Jun. 2006).

Syafei et al., “Design of 1.2 Gbps MIMO WLAN System for 4K
Digital Cinema Transmission,” IEEE 20th Int’l Symposium on

ZYXEL-1014
Page 002 (of 29)



US 9,924,512 B1
Page 3

(56) References Cited
OTHER PUBLICATIONS

Personal, Indoor and Mobile Radio Communications (PIMRC
2009), The Institute of Electrical and Electronics Engineers, pp.
207-211 (2009).

Imashioya et al., “RTL Design of 1.2 Gbps MIMO WLAN System
and Its Business Aspect,” IEEE 9th Int’1 Symposium on Commu-
nications and Information Technology (ISCIT 2009), The Institute
of Electrical and Electronics Engineers, pp. 296-301 (2009).
Syafei et al., “A Design of Next Generation Gigabit MIMO Wireless
LAN System ,” IEEE 12th Int’l Conference on Advanced Commu-
nication Technology (ICACT 2010), The Institute of Electrical and
Electronics Engineers, pp. 941-946 (2010).

Syafei et al., “A Gigabit MIMO WLAN System with International
Standardization Strategy,” IEEE Int’l Symposium on Intelligent
Signal Processing and Communication Systems (ISPACS 2009),
The Institute of Electrical and Electronics Engineers, pp. 228-231
(2009).

Cariou et al., “Multi-channel Transmissions,” Doc. No. IEEE 802.
11-09/102210, The Institute of Electrical and Electronics Engineers,
Inc., Sep. 2009.

IEEE Std 802.16a-2003 (Amendment to IEEE Std 802.16-2001)
“IEEE Standard for Local and metropolitan area networks: Part 16:
Air Interface for Fixed Broadband Wireless Access Systems—
Amendment 2: Medium Access Control Modifications and Addi-

tional Physical Layer Specifications for 2-11 Ghz,” The Institute of
Electrical and Electronics Engineers, Inc., Apr. 1, 2003.

IEEE Std 802.16e-2005 and IEEE Std 802.16-2004/Corl-2005
(Amendment and Corrigendum to IEEE Std 802.16-2004), IEEE
Standard for Local and metropolitan area networks: Part 16: Air
Interface for Fixed and Mobile Broadband Wireless Access Sys-
tems: Amendment 2: Physical and Medium Access Control Layers
for Combined Fixed and Mobile Operation in Licensed Bands and
Corrigendum 1, The Institute of Flectrical and Electronics Engi-
neers, Inc., Feb. 28, 2006.

IEEE P802.16Rev2/DS5 (Jul. 2008) (Revision of IEEE Std 802.16-
2004 and consolidates material from IEEE Std 802.16e-2005, Std
802.16-2004/Cor1-2005, Std 802.16f-2005 and Std 802.16g-2007)
“Draft Standard for Local and metropolitan area networks: Part 16:
Air Interface for Broadband Wireless Access Systems,” The Insti-
tute of FElectrical and Electronics Engineers, Inc., Jun. 2008.
“IEEE Std 802.16 2009 (Revision of IEEE Std. 802.16-2004), IEEE
Standard for Local and metropolitan area networks: Part 16: Air
Interface for Broadband Wireless Access Systems,” The Institute of
Electrical and Electronics Engineers, Inc., May 29, 2009.

IEEE 802.20-PD-06; IEEE P 802.20TMV 14, Draft 802.20 Perma-
nent Document; <System Requirements for IEEE 802.20 Mobile
Broadband Wireless Access Systems—Version 14>, Jul. 16, 2004,
24 pages.

* cited by examiner

ZYXEL-1014
Page 003 (of 29)



US 9,924,512 B1

Sheet 1 of 15

Mar. 20, 2018

U.S. Patent

152~

£-0¢
Z-0¢
L-0e7]
62

8¢

11

1l

9c

a4 ~N

ANIMD

XH/X1L

:

- XHXL

X/XL

tj

L 11 AHd

o OVIN

JOVAHTINI

v
x
o
=
I E
z

1SOH

LNIITO

L-ve

£-g2 ~

IN3ITD

N

€ve

\ e

e

€-ve

0l

L-¥e

75T~
INAITD
ADVO3I1
Vs ¥l
X XL H—H
[ T¢-12
“ XHrXL _-ll
T~z-12
XXl -
/ _
DE L[] T
T~ 0oz
oV HH—__ o
AOV4H3LINI
MHOMLAN | |
S
m ol
1SOH
| tson f—— sl
1INIOd SS300V
L 9Old4

ZYXEL-1014
Page 004 (of 29)



US 9,924,512 B1

Sheet 2 of 15

Mar. 20, 2018

U.S. Patent

£ V1S HO4 ZHI 0Z Z V1S HO4 ZHIN OF | VLS HO4 ZHW 02
¢ ‘OId
Z V1S WO ZHW OF L VLS ¥O4 ZHW 0%
< -
SANOL 821 8¢ 9l4
SANOL 967
» )
b V1S HO4 ZHIN 0Z £ V1S MO ZHW 02 Z V1S HO4 ZHIN 0Z L V1S Y04 ZHW 02
< -
SANOL 9 Ve Oid

ZYXEL-1014
Page 005 (of 29)



U.S. Patent Mar. 20, 2018 Sheet 3 of 15 US 9,924,512 Bl

20 MHZ FOR STA 3

40 MHZ FOR STA 2 (SET TO 0)

20 MHZ FOR STA 1

FIG. 3

(N+1)-TH OFDM SYMBOL

ZYXEL-1014
Page 006 (of 29)



US 9,924,512 B1

Sheet 4 of 15

Mar. 20, 2018

U.S. Patent

INIL
7
_ 1
_ A
T 7801~ J
” ¥ V1va-1H LALT1H | 41S-1H OIS-1H 9IS-1| 41771 | 4187
- _ k
7-¢01L | ¢-80 T/ 0L
\_v € VLVQ-1H EN 417-1H L411-H | 41S-1H 9IS-1H OIS-1| 41711 | 4181
€-20L| )
A
[ 2901 €0l
_ A
_ Vol ZVLVQ-1H | 2N AL10-1H LALTIH | LS-1H 9IS-1H 9181 4171 4181
" 2-201 P
_ L-801~ Z-¥0L
_ Pl | Y1¥Q-LH MN ALT-LH L41T-IH | 41S-1H OIS-1H OIS-1| 4111 4181
1L-20} P
L -0} A y
“ wxo/m._m_ Y
i SM0018 1V
INIHIHIQ YOS INVIYYA
1NN viva HO4 WIILNIAI
VINGHO 40 NI NOILYHNQ/LNILNOD v

FREQUENCY

ZYXEL-1014
Page 007 (of 29)



US 9,924,512 B1

Sheet 5 of 15

Mar. 20, 2018

U.S. Patent

JNIL
<«
| L
| A
ﬁ P-85 1~ J
» ¥ V1VQ-LH PNALT-LH Z41T-1H OIS-LH J41T-IH | d1s-1H
- _ s k
vmmr_ £85I~ N
P4 EVIVA-LH OIS-LH L41TIH | 41S-1H
g-251
[ 2-8S 1N €161 =
Vb Z VLVQ-LH Z4171-1H IS-1H bALTLH | 41s-1H
2251
_ A
_ -89~ TSI
Vol L VIVQ-1H INALT-LH ¢41l1-1H OI1S-1H LA1T-1H 418-1H
L-261
" -G~
_
[
1INNVYLlvd
YNG40 40 AN
g Old

FREQUENCY

ZYXEL-1014
Page 008 (of 29)



U.S. Patent Mar. 20, 2018 Sheet 6 of 15 US 9,924,512 Bl

ALU
=
-k - - = — = —— = — — — | o
~ & Y 5
<t < < =
(en) [} O (e
™ ™ ™ ™
5 5 5 5
< < < <L
<C w
= o
(] (]
[T y
O
X
pd
—
prd
=
Q
[m)]
=
zZ
o)
=z
<t
[m]
<
8 a
(qV] [T
@]
N
Z
e
=
=
Q
n
[{e}
G
L
FREQUENCY

ZYXEL-1014
Page 009 (of 29)



US 9,924,512 B1

Sheet 7 of 15

Mar. 20, 2018

U.S. Patent

JNIL

4

A

\1
a1 4°T4

- T I
| SIS |ep] || I _
| Loy I |
_ P | _
_ | I _
AV | | | _
| | Lo |
| SHIS|e» [ ]
_ I _
| [ |
_ _
~1 Y| _ _ “
€¥ac | SIS ke |
_ I _
| |
_ _
— siov " _
cvde | SHIS ke
_ _
— sov
L-¥G¢

LINA VLVA VINQEO MNITINMOQ

VINQHO MNITNAMOQ

\ 4

L Ol4

FREQUENCY

ZYXEL-1014
Page 010 (of 29)



U.S. Patent

FIG. 8

FIG. 9

Mar. 20, 2018 Sheet 8 of 15 US 9,924,512 B1

300

/304

ASSIGN A PLURALITY OF DIFFERENT
OFDM SUB-CHANNEL BLOCKS TO A
PLURALITY OF CLIENT STATIONS

l 308

RECEIVE A PLURALITY OF
INDEPENDENT DATA STREAMS FOR
THE PLURALITY OF CLIENT STATIONS

A 4
GENERATE OFDM DATA UNITS IN
WHICH THE PLURALITY OF DATA

STREAMS ARE MODULATED IN

RESPECTIVE OFDM SUB-CHANNEL

BLOCKS

l 316
TRANSMIT THE OFDM DATA UNITS

312

350
354
DETERMINE TIME PERIOD RESERVED
FOR DOWNLINK OFDMA
! 358

TRANSMIT TO CLIENT STATIONS DATA
INDICATIVE OF THE TIME PERIOD
RESERVED FOR DOWNLINK OFDMA

ZYXEL-1014
Page 011 (of 29)



US 9,924,512 B1

Sheet 9 of 15

Mar. 20, 2018

U.S. Patent

vey

ova ANy
mﬂm,_/\mw <] oNISsaDONd
JE@D
ozv 9Ly

144l

A

dvIN

ONIddVYIN TVILVYdS/AQON/O3d

+— v V1vd

\ p-pop

ONIddVIN TVILVdS/AQON/O3d

<4— ¢£Vv1iva

\ e-pop

ONIddVYIA TVILVYdS/AQOW/034

— Zviva

\ z-v0p

0oy

Nz

- gop

ONIddVYIN TVILVYdS/QOW/O3

<+— | viva

N 1-b0p

0} 'Ol

ZYXEL-1014
Page 012 (of 29)



US 9,924,512 B1

Sheet 10 of 15

Mar. 20, 2018

U.S. Patent

)

7-99¥%

)

€-99p

\1
c99%y

N
/

1-99%

ase
ovd anNy
mwm,_/ww | oNISSTOOUd |  1aa1 |e
WLDIA
ozop - p-ggp \ p-rsp
ONIddYIN TYILYdS/QON/034 [e— vviva
: Ova ANy oo
mwm,www | onNISSTOONd e 144 Lalatl4
._Em_o c L | ongavn VILYAS/AOW/034 fe— ¢ viva
N £-8GYy e-vSy
£-c9r o S~v0p
Ova aNv ONIddYIN TVILVdS/GON/034 [— zviva
%u_m,_,@ | onissaoond b aa led | C
J,Em_a c Z-70%
\ z-zop ¢-8ay cray ONIddYIN TVILVAS/AOW/D3 [&— | Viva
(Olav) ova any _|| vy
Con ] oNissTooNd fe{ L4
WLDIA
zop N 1-gap N 1-vay
A LL'DId

ZYXEL-1014
Page 013 (of 29)



U.S. Patent Mar. 20, 2018 Sheet 11 of 15 US 9,924,512 B1

LC

LC
\470

0C

CSMA
oC
oC

o
<
N
[e0]
<
e Y e e e ———— — —
A
o
(@] ‘/
< QO
S O
2 8
o) ‘&\\\ ’,/7
o
<
[e0
~
<
Y e ____
A
2
O L ®) <t
- (@] -
O /

CSMA
oC
oC

AP

474

FIG. 12

ZYXEL-1014
Page 014 (of 29)



US 9,924,512 B1

Sheet 12 of 15

Mar. 20, 2018

U.S. Patent

006
3

— sov ¥ NOILYLS IN3IMO 7805
-¥08

— sov £ NOILYLS IN3ITO £805
€408 - »

S4IS

— sov Z NOILYLS IN3MD Z805
¢+0S

— v } NOILYLS INTID 7805
170G

YING40 MNITdN g

FREQUENCY

ZYXEL-1014
Page 015 (of 29)



US 9,924,512 B1

Sheet 13 of 15

Mar. 20, 2018

U.S. Patent

AL

A

005
/
— Mov ¥ NOILYLS IN3ID 805 ONAS
705 __
7028
1 Mov € NOILVLS INTITD  T508 ONAS
¢-¥08S _
«—> 5075
...... s4Is

—1 >ov Z NOILVLS N0 7805 INAS

Zv0g
7025
—~ Mov L NOILVLS IN3ITD 7505 | S4IS ONAS
L-v0G _
1-025

VINGHO YNITdN .
v

FREQUENCY

ZYXEL-1014
Page 016 (of 29)



U.S. Patent Mar. 20, 2018 Sheet 14 of 15 US 9,924,512 B1

LC
LC

\550

ocC

CSMA
oC
oC

o
<
N
[{e]
L0)|
e Y e o
A - --—7"""7""""="=""7"""=""""-"-=
8 &) 3 o
O 8
O
IE <
£ 3
o} \ el

LC

CSMA
oC
oC
\550

AP

FIG. 15
554

ZYXEL-1014
Page 017 (of 29)



U.S. Patent

FIG. 16

FIG. 17

Mar. 20, 2018 Sheet 15 of 15 US 9,924,512 B1

600

/604

ASSIGN A PLURALITY OF DIFFERENT
OFDM SUB-CHANNEL BLOCKS TO A
PLURALITY OF CLIENT STATIONS

! 608
RECEIVE OFDM DATA UNITS, EACH
OFDM DATA UNIT COMPRISING
DIFFERENT OFDM SUB-CHANNEL
BLOCKS TRANSMITTED BY A
PLURALITY OF CLIENT STATIONS
SIMULTANEOUSLY

l 612

DEMODULATE THE PLURALITY OF
INDEPENDENT DATA STREAMS FROM
THE PLURALITY OF CLIENT STATIONS

650
/654
DETERMINE TIME PERIOD RESERVED
FOR UPLINK OFDMA
l /658

TRANSMIT TO CLIENT STATIONS DATA
INDICATIVE OF THE TIME PERIOD
RESERVED FOR UPLINK OFDMA

ZYXEL-1014
Page 018 (of 29)



US 9,924,512 Bl

1
OFDMA WITH BLOCK TONE ASSIGNMENT
FOR WLAN

CROSS-REFERENCE TO RELATED
APPLICATION

This application that claims the benefit of U.S. Provi-
sional Patent Application No. 61/162,780, entitled “Simple
OFDMA with Block Tone Assignment for WLAN,” which
was filed on Mar. 24, 2009, the entire disclosure of which is
hereby incorporated by reference herein.

FIELD OF THE DISCLOSURE

The present disclosure relates generally to communica-
tion networks and, more particularly, to wireless local area
networks that utilize orthogonal frequency division multi-
plexing (OFDM).

BACKGROUND

The background description provided herein is for the
purpose of generally presenting the context of the disclo-
sure. Work of the presently named inventors, to the extent it
is described in this background section, as well as aspects of
the description that may not otherwise qualify as prior art at
the time of filing, are neither expressly nor impliedly admit-
ted as prior art against the present disclosure.

When operating in an infrastructure mode, wireless local
area networks (WLANSs) typically include an access point
(AP) and one or more client stations. WL ANs have evolved
rapidly over the past decade. Development of WLAN stan-
dards such as the Institute for Electrical and Electronics
Engineers (IEEE) 802.11a, 802.11b, 802.11g, and 802.11n
Standards has improved single-user peak data throughput.
For example, the IEEE 802.11b Standard specifies a single-
user peak throughput of 11 megabits per second (Mbps), the
IEEE 802.11a and 802.11g Standards specify a single-user
peak throughput of 54 Mbps, and the IEEE 802.11n Stan-
dard specifies a single-user peak throughput of 600 Mbps.

These WLANSs operate in either a unicast mode or a
multicast mode. In the unicast mode, the AP transmits
information to one client station at a time. In the multicast
mode, the same information is transmitted to a group of
client stations concurrently.

SUMMARY

In one embodiment, a method includes assigning a plu-
rality of different orthogonal frequency division multiplex-
ing (OFDM) sub-channel blocks to a plurality of devices
including a first device and a second device. The plurality of
OFDM sub-channel blocks includes a first OFDM sub-
channel block assigned to the first device and a second
OFDM sub-channel block assigned to the second device.
The first device and the second device are members of a
wireless local area network (WLAN). The method also
includes receiving data for the first device, and receiving
data for the second device. Additionally, the method
includes generating OFDM data units, wherein data for the
first device is modulated on sub-channels in the first OFDM
sub-channel block and data for the second device is modu-
lated on sub-channels in the second OFDM sub-channel
block. The data for the first device is independent of the data
for the second device. At least one of the OFDM sub-
channel blocks is formatted to substantially conform to a
physical layer specification of a WLAN communication
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protocol having a maximum channel bandwidth smaller than
a bandwidth of the generated OFDM data units.

In other embodiments, the method may include one or
more of the following features. At least one of the OFDM
sub-channel blocks is formatted to substantially conform to
at least one of the physical layer specification of the Institute
for Electrical and Electronics Engineers (IEEE) 802.11a
Standard and the physical layer specification of the IEEE
802.11a Standard.

At least one of the OFDM sub-channel blocks is format-
ted to conform to a defined communication protocol speci-
fication so that the OFDM sub-channel block includes data
units that conform to the defined communication protocol
specification.

Generating the OFDM data units comprises including, in
each of a plurality of OFDM sub-channel block data units,
a signal that indicates the OFDM sub-channel block portion
is within an OFDM data unit having one or more other
OFDM sub-channel blocks portions corresponding to one or
more other devices.

Generating the OFDM data units comprises generating a
first OFDM data unit having an OFDM sub-channel block
data unit having a duration less than a duration of the first
OFDM data unit.

Generating the OFDM data units comprises including in
the OFDM sub-channel block data unit an indication of the
duration of the first OFDM data unit.

Generating the OFDM data units comprises generating a
first OFDM data unit having a first OFDM sub-channel
block data unit corresponding to the first device and a second
OFDM sub-channel block data unit corresponding to the
second device. Additionally, the method further includes
zero padding data for the first device so that a duration of the
first OFDM sub-channel block data unit corresponds to a
duration of the first OFDM data unit.

Generating the OFDM data units comprises generating a
first OFDM data unit having a first OFDM sub-channel
block data unit corresponding to the first device and a second
OFDM sub-channel block data unit corresponding to the
second device. Also, a data rate of the first OFDM sub-
channel block data unit is different than a data rate of the
second OFDM sub-channel block data unit.

The method further includes transmitting the OFDM data
units.

The method further includes receiving an OFDM data unit
including a plurality of acknowledgement or negative
acknowledgment signals transmitted simultaneously by the
first device and the second device.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 a block diagram of an example wireless local area
network (WLAN) 10, according to an embodiment;

FIGS. 2A, 2B, and 2C are diagrams illustrating example
orthogonal frequency division multiplexing (OFDM) sub-
channel blocks for an 80 MHz communication channel,
according to an embodiment;

FIG. 3 is a diagram of an OFDM symbol that is parti-
tioned into three OFDM sub-channel blocks for an 80 MHz
communication channel;

FIG. 4 is a block diagram of an example downlink
orthogonal frequency division multiple access (OFDMA)
signal, according to an embodiment;

FIG. 5 is a block diagram of an example downlink
OFDMA signal, according to another embodiment;

FIG. 6 is a diagram illustrating the transmission of a
downlink OFDMA data unit by an access point (AP), and the
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transmission of acknowledgment signals (ACKs) by client
stations in response to the downlink OFDMA data unit,
according to an embodiment;

FIG. 7 is a diagram illustrating the transmission of a
downlink OFDMA data unit by an AP, and the transmission
of ACKs by client stations in response to the downlink
OFDMA data unit, according to another embodiment;

FIG. 8 is a flow diagram of an example method that is
implemented by an AP in a WL AN, according to an embodi-
ment;

FIG. 9 is a flow diagram of another example method that
is implemented by an AP in a WLAN, according to an
embodiment;

FIG. 10 is a block diagram of an example physical layer
(PHY) unit of an AP, according to an embodiment;

FIG. 11 is a block diagram of an example physical layer
(PHY) unit of an AP, according to another embodiment;

FIG. 12 is a diagram illustrating communications in a
WLAN during carrier sense multiple access (CSMA) time
periods and an OFDMA time period, according to an
embodiment;

FIG. 13 is a diagram illustrating the transmission of an
uplink OFDMA data unit by a plurality of client stations, and
the transmission of ACKs by the AP in response to the uplink
OFDMA data unit, according to an embodiment;

FIG. 14 is a diagram illustrating the transmission of an
uplink OFDMA data unit being preceded by the AP trans-
mitting downlink synchronization signals 520, according to
an embodiment;

FIG. 15 is a diagram illustrating communications in a
WLAN during CSMA time periods and an OFDMA time
period, according to an embodiment;

FIG. 16 is a flow diagram of an example method that is
implemented by an AP in a WL AN, according to an embodi-
ment; and

FIG. 17 is a flow diagram of another example method that
is implemented by an AP in a WLAN, according to an
embodiment.

DETAILED DESCRIPTION

In embodiments described below, a wireless network
device such as an access point (AP) of a wireless local area
network (WLAN) transmits independent data streams to
multiple client stations simultaneously. In particular, the
wireless device utilizes orthogonal frequency division mul-
tiplexing (OFDM) and transmits data for the multiple clients
in different blocks of OFDM subchannels. Similarly, in
embodiments described below, multiple client stations trans-
mit data to an AP simultaneously, in particular, each client
station utilizes OFDM and transmits data to the AP in a
different block of OFDM subchannels.

FIG. 1 is a block diagram of an example wireless local
area network (WLAN) 10, according to an embodiment. An
AP 14 includes a host processor 15 coupled to a network
interface 16. The network interface 16 includes a medium
access control (MAC) unit 18 and a physical layer (PHY)
unit 20. The PHY unit 20 includes a plurality of transceivers
21, and the transceivers are coupled to a plurality of anten-
nas 24. Although three transceivers 21 and three antennas 24
are illustrated in FIG. 1, the AP 14 can include different
numbers (e.g., 1, 2, 4, 5, etc.) of transceivers 21 and antennas
24 in other embodiments.

The WLAN 10 includes a plurality of client stations 25.
Although four client stations 25 are illustrated in FIG. 1, the
WLAN 10 can include different numbers (e.g., 1, 2, 3, 5, 6,
etc.) of client stations 25 in various scenarios and embodi-
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ments. Two or more of the client stations 25 are configured
to receive corresponding data streams that are transmitted
simultaneously by the AP 14. Additionally, two or more of
the client stations 25 are configured to transmit correspond-
ing data streams to the AP 14 such that the AP 14 receives
the data streams simultaneously.

A client station 25-1 includes a host processor 26 coupled
to a network interface 27. The network interface 27 includes
a MAC unit 28 and a PHY unit 29. The PHY unit 29 includes
a plurality of transceivers 30, and the transceivers are
coupled to a plurality of antennas 34. Although three trans-
ceivers 30 and three antennas 34 are illustrated in F1G. 1, the
client station 25-1 can include different numbers (e.g., 1, 2,
4, 5, etc.) of transceivers 30 and antennas 34 in other
embodiments.

In an embodiment, one or more of the client stations 25-2,
25-3, and 25-4 has a structure the same as or similar to the
client station 25-1. In these embodiments, the client stations
25 structured like the client station 25-1 have the same or a
different number of transceivers and antennas. For example,
the client station 25-2 has only two transceivers and two
antennas, according to an embodiment.

According to an embodiment, the client station 25-4 is a
legacy client station that is not enabled to receive a data
stream that is transmitted by the AP 14 simultaneously with
other independent data streams that are intended for other
client stations 25. Similarly, according to an embodiment,
the legacy client station 25-4 is not enabled to transmit a data
stream that to the AP 24 at the same time that other client
stations 25 transmit data to the AP 14. According to an
embodiment, the legacy client station 25-4 includes a PHY
unit that is generally capable of receiving a data stream that
is transmitted by the AP 14 simultaneously with other
independent data streams that are intended for other client
stations 25. But the legacy client station 25-4 includes a
MAC unit that is not enabled with MAC layer functions that
support receiving the data stream that is transmitted by the
AP 14 simultaneously with other independent data streams
that are intended for other client stations 25. According to an
embodiment, the legacy client station 25-4 includes a PHY
unit that is generally capable of transmitting a data stream to
the AP 14 at the same time that other client stations 25
transmit data to the AP 14. But the legacy client station 25-4
includes a MAC unit that is not enabled with MAC layer
functions that support transmitting a data stream to the AP
14 at the same time that other client stations 25 transmit data
to the AP 14.

In an embodiment, the legacy client station 25-4 operates
according to the IEEE 802.11a and/or the IEEE 802.11n
Standards. The legacy client station 25-4, when it commu-
nicates with the AP 14, occupies an entire communication
channel. For example, the IEEE 802.11a Standard defines
communication channels each having a width of 20 MHz.
When the AP 14 and the legacy client station 25-4 commu-
nicate according to the IEEE 802.11a Standard, the AP 14
transmits data to the legacy client station 25-4 in 64 OFDM
subchannels that occupy the entire channel, and the legacy
client station 25-4 transmits data to the AP 14 in the 64
OFDM subchannels. The IEEE 802.11n Standard defines 20
MHz and 40 MHz communications channels. When the AP
14 and the legacy client station 25-4 communicate according
to the IEEE 802.11n Standard using a 20 MHz channel, the
AP 14 transmits data to the legacy client station 25-4 in 64
OFDM subchannels that occupy the entire channel, and the
legacy client station 25-4 transmits data to the AP 14 in the
64 OFDM subchannels. When the AP 14 and the legacy
client station 25-4 communicate according to the IEEE
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802.11n Standard using a 40 MHz channel, the AP 14
transmits data to the legacy client station 25-4 in 128 OFDM
subchannels that occupy the entire channel, and the legacy
client station 25-4 transmits data to the AP 14 in the 128
OFDM subchannels.

According to the IEEE 802.11a and the IEEE 802.11n
Standards, different devices share the communication chan-
nel by utilizing a carrier sense, multiple access (CSMA)
protocol. Generally speaking, CSMA, according to the IEEE
802.11a and the IEEE 802.11n Standards, specifies that a
device that wishes to transmit should first check whether
another device in the WLAN is already transmitting. If
another device is transmitting, the device should wait for a
time period and then again check again to see whether the
communication channel is being used. If a device detects
that the communication channel is not being used, the device
then transmits using the channel. With CSMA, in other
words, data that is for a particular device (i.e., not multicast
data) can only be transmitted on the channel when no other
data is being transmitted on the channel.

According to an embodiment, the AP 14 is enabled to
transmit different data streams to different client stations 25
at the same time. In particular, the PHY unit 20 is configured
to transmit in a communication channel that is wider than
specified by the IEEE 802.11a and the IEEE 802.11n Stan-
dards. For example, the PHY unit 20 is configured to
transmit in one or more of an 80 MHz communication
channel, a 120 MHz communication channel, and/or a 160
MHz communication channel, according to an embodiment.
As another example, the PHY unit 20 is additionally con-
figured to transmit in one or more of a 200 MHz commu-
nication channel, a 240 MHz communication channel, a 280
MHz communication channel, etc., according to an embodi-
ment.

According to an embodiment, the AP 14 is configured to
partition the wider communication channel into narrower
sub-bands or OFDM sub-channel blocks, and different data
streams for different client devices 25 are transmitted in
respective OFDM sub-channel blocks. According to an
embodiment, each OFDM sub-channel block substantially
conforms to the PHY specification of the IEEE 802.11a
Standard. According to another embodiment, each OFDM
sub-channel block substantially conforms to the PHY speci-
fication of the IEEE 802.11n Standard. According to another
embodiment, each OFDM sub-channel block substantially
conforms to a PHY specification of a communication pro-
tocol other than the IEEE 802.11a and the IEEE 802.11n
Standards.

As used herein, the phrase “OFDM sub-channel block
substantially conforms to the PHY specification” of a com-
munication protocol or standard generally means that a
device (configured according to the communication protocol
or standard) that receives the transmitted OFDM sub-chan-
nel block is able, generally, to detect and decode the data in
the OFDM sub-channel block (signal strength, signal-to-
noise (SNR), interference, etc., permitting). For example, an
OFDM sub-channel block that substantially conforms to the
PHY specification of a communication protocol or standard
utilizes the modulation, tone mapping, pilot locations, etc.,
set forth in the communication protocol or standard,
although other aspects of the OFDM sub-channel block do
not conform to the PHY specification, according to an
embodiment. For example, there may be more zero tones at
the edges of an OFDM sub-channel block, reduced power
(by frequency domain power allocation) at edge tones, etc.,
than called for by the communication protocol or standard.
Similarly, a used herein, the phrase “a device configured to
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substantially conform to the PHY specification” of a com-
munication protocol or standard generally means that the
device is able to detect and decode a signal that conforms or
an OFDM sub-channel block that substantially conforms to
the communication protocol or standard (signal strength,
signal-to-noise (SNR), interference, etc., permitting). The
phrase “a device configured to substantially conform to the
PHY specification” of a communication protocol or standard
also generally means that the device is able to generate a
signal that conforms or an OFDM sub-channel block that
substantially conforms to the communication protocol or
standard.

When an OFDM sub-channel block substantially con-
forms to the PHY specification of the IEEE 802.11a Stan-
dard, for example, a client device 25 corresponding to the
OFDM sub-channel block utilizes a PHY unit 29 configured
(or substantially configured) according to the IEEE 802.11a
Standard to receive the data stream transmitted in the OFDM
sub-channel block. When an OFDM sub-channel block
substantially conforms to the PHY specification of the IEEE
802.11n Standard, for example, a client device 25 corre-
sponding to the OFDM sub-channel block utilizes a PHY
unit 29 configured (or substantially configured) according to
the IEEE 802.11n Standard to receive the data stream
transmitted in the OFDM sub-channel block.

According to an embodiment, each OFDM sub-channel
block includes a contiguous block of OFDM sub-channels or
tones that can be demodulated at the client station using a
fast Fourier transform (FFT) with a width the size of the
OFDM sub-channel block. In other words, according to this
embodiment, the OFDM sub-channels assigned to client
stations are not interleaved such as in the Wi-Max standard.

FIGS. 2A, 2B, and 2C are diagrams illustrating example
OFDM sub-channel blocks for an 80 MHz communication
channel, according to an embodiment. In FIG. 2A, the
communication channel is partitioned into four contiguous
OFDM sub-channel blocks, each having a bandwidth of 20
MHz. The OFDM sub-channel blocks include independent
data streams for four client stations. In FIG. 2B, the com-
munication channel is partitioned into two contiguous
OFDM sub-channel blocks, each having a bandwidth of 40
MHz. The OFDM sub-channel blocks include independent
data streams for two client stations. In FIG. 2C, the com-
munication channel is partitioned into three contiguous
OFDM sub-channel blocks. Two OFDM sub-channel blocks
each have a bandwidth of 20 MHz. The remaining OFDM
sub-channel block has a bandwidth of 40 MHz. The OFDM
sub-channel blocks include independent data streams for
three client stations.

Although in FIGS. 2A, 2B, and 2C, the OFDM sub-
channel blocks are contiguous across the communication
channel, in other embodiments the OFDM sub-channel
blocks are not contiguous across the communication channel
(i.e., there are one or more gaps between the OFDM
sub-channel blocks). In an embodiment, each gap is at least
as wide as one of the OFDM sub-channel blocks. In another
embodiment, at least one gap is less than the bandwidth of
an OFDM sub-channel block. In another embodiment, at
least one gap is at least as wide as 1 MHz. In an embodiment,
different OFDM sub-channel blocks are transmitted in dif-
ferent channels defined by the IEEE 802.11a and/or 802.11n
Standards. In one embodiment, the AP includes a plurality of
radios and different OFDM sub-channel blocks are trans-
mitted using different radios.

In an embodiment, for a plurality of data streams trans-
mitted by an AP in different OFDM sub-channel blocks,
different data streams are transmitted at different data rates
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when, for example, signal strength, SNR, interference
power, etc., varies between client devices. Additionally, for
a plurality of data streams transmitted by an AP in different
OFDM sub-channel blocks, the amount of data in different
data streams is often different. Thus, one transmitted data
stream can end before another. In such situations, the data in
an OFDM sub-channel block corresponding to data stream
that is ended is set to zero or some other suitable predeter-
mined value, according to an embodiment. FIG. 3 is a
diagram of an (n+1)-th OFDM symbol that is partitioned
into three contiguous OFDM sub-channel blocks for an 80
MHz communication channel. Two OFDM sub-channel
blocks, corresponding to a Station 1 and a Station 3 each
have a bandwidth of 20 MHz. The remaining OFDM sub-
channel block, corresponding to a Station 2, has a bandwidth
of 40 MHz. The OFDM sub-channel blocks include inde-
pendent data streams for the three stations. The data stream
corresponding to Station 2 ended in the n-th OFDM symbol
(i.e., the OFDM symbol previous to the (n+1)-th OFDM
symbol), whereas the data streams corresponding to Station
1 and Station 2 have not yet ended. Thus, for the (n+1)-th
OFDM symbol, data in the OFDM sub-channel block cor-
responding to a Station 2 is set to zero.

An OFDM signal comprising a plurality of OFDM sub-
channel blocks to transmit independent data streams as
described above is also referred to herein as an orthogonal
frequency division multiple access (OFDMA) signals.
According to an embodiment, a WLAN utilizes downlink
OFDMA signals and uplink OFDMA signals. Downlink
OFDMA signals are transmitted synchronously from a
single AP to multiple client stations (i.e., point-to-multi-
point). An uplink OFDMA signal is transmitted by multiple
clients stations jointly to a single AP (i.e., multipoint-to-
point). Frame formats and/or signaling schemes for down-
link OFDMA and uplink OFDMA are different, according to
some embodiments.

Embodiments of a PHY frame format for downlink
OFDMA signals will now be described. In the following
embodiments, OFDM sub-channel blocks have a format
substantially similar to the PHY format specified in the IEEE
802.11n Standard. In other embodiments, OFDM sub-chan-
nel blocks have a format substantially similar to another
communication protocol such as the PHY format specified in
the IEEE 802.11a Standard or a communication protocol not
yet standardized.

FIG. 4 is a block diagram of an example downlink
OFDMA signal 100, according to an embodiment, that is
partitioned into four equal-width OFDM sub-channel blocks
102 corresponding to four client stations. In the embodiment
of FIG. 4, each OFDM sub-channel block 102 has a format
substantially similar to the “mixed mode” data unit PHY
format specified in the IEEE 802.11n Standard. For
example, each OFDM sub-channel block includes a pre-
amble 104 including a legacy short training field (L-STF), a
legacy long training field (L-LTF), a legacy signal (L-SIG)
field, a high throughput signal (HT-SIG) field, a high
throughput short training field (HT-STF), and one or more
high throughput long training fields (HT-LTF). Additionally,
each OFDM sub-channel block includes a high throughput
data field 108 (HT-DATA). The duration of the high through-
put portion of the downlink OFDMA signal 100 is T, which
corresponds to the longest of the four OFDM sub-channel
blocks 102 (i.e., 102-4). In other words, the durations of the
high throughput portions of the OFDM sub-channel blocks
102-1, 102-2, and 102-3 are shorter than the duration of the
high throughput portion of the downlink OFDMA signal
100.
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The legacy portion of the preamble 104 (i.e., L-STF,
L-LTF, and L-SIG) is identical in all of the OFDM sub-
channel blocks 102, according to an embodiment. For the
high throughput portion of the preamble 104 (i.e., starting
with HT-SIG), the content of the OFDM sub-channel blocks
102 can be variant for different client stations depending on
factors such as rate, data quantity, configuration (e.g., num-
ber of antennas, number of supported multiple input, mul-
tiple output (MIMO) data streams, etc.) of different clients.

According to an embodiment, the AP sets the “reserved
bit” in each of the L-SIG fields to “1” (the IEEE 802.11a and
802.11n Standards specify that the “reserved bit” in L-SIG
to “0”) to signal the receiver that the current data unit is a
downlink OFDMA signal. Additionally, the AP sets the
Length and Rate sub-fields in each off the L-SIG fields to
correspond to T, the duration of the high throughput portion
of the longest OFDM sub-channel block 102 (i.e., 102-4).
According to another embodiment, the AP sets the “reserved
bit” in each of the HT-SIG fields to “0” (the IEEE 802.11n
Standard specifies that the “reserved bit” in HT-SIG to “17)
to signal the receiver that the current data unit is a downlink
OFDMA signal.

In other embodiments, the AP signals that a data unit is a
downlink OFDMA signal using techniques other than those
described above. For example, according to one embodi-
ment, the AP uses MAC layer signaling to reserve a time
period for transmitting a downlink OFDMA signal. In this
embodiment, MAC layer signaling is utilized to specify the
duration T of the downlink OFDMA signal 100. In another
embodiment, MAC layer signaling does not specify the
duration T of the downlink OFDMA signal 100, but rather
specifies different respective times at which respective client
stations should send respective acknowledgments of the
downlink OFDMA signal 100. In another embodiment, the
AP utilizes MAC layer signaling to specify a single time at
which all client stations corresponding to the downlink
OFDMA signal 100 should simultaneously transmit respec-
tive acknowledgments.

In one embodiment, each OFDM sub-channel block 102
in FIG. 4 has a width of 20 MHz. In another embodiment,
each OFDM sub-channel block 102 in FIG. 4 has a width of
40 MHz. According to an embodiment, if an OFDM sub-
channel block has a width of 40 MHz, the legacy portion of
the preamble 104 (i.e., L-STF, L-LTF, and L-SIG) is dupli-
cated at upper and lower 20 MHz halves, with the sub-
channels in the upper 20 MHz phase shifted by 90 degrees
with respect to the sub-channels in the lower 20 MHz.

FIG. 5 is a block diagram of an example downlink
OFDMA signal 150, according to an embodiment, that is
partitioned into four equal-width OFDM sub-channel blocks
152 corresponding to four client stations. In the embodiment
of FIG. 5, each OFDM sub-channel block 152 has a format
substantially similar to the “Green field mode” data unit
PHY format specified in the IEEE 802.11n Standard. For
example, each OFDM sub-channel block includes a pre-
amble 154 including an HT-SIG field, and HT-STF field, and
one or more HT-LTF fields. Additionally, each OFDM
sub-channel block 152 includes a high throughput data field
158 (HT-DATA). The duration of the downlink OFDMA
signal 100 is T. The duration of each OFDM sub-channel
block 152 is also T. In other words, the AP controls the
duration of each OFDM sub-channel block 152 to be T,
according to an embodiment. In one embodiment, the AP
utilizes zero padding to ensure that each OFDM sub-channel
block 152 has a duration of T. In one embodiment, a MAC
unit of the AP zero pads one or more MAC service data units
(MSDUs) that are included in a MAC protocol data unit
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(MPDU), which is in turn included in a PHY protocol data
unit (PPDU). By zero padding an MSDU, for example, the
lengths of the MPDU and the PPDU are increased.

In an embodiment, the AP uses MAC layer signaling to
reserve a time period for transmitting the downlink OFDMA
signal 150. In one embodiment, MAC layer signaling is
utilized to specify the duration T of the downlink OFDMA
signal 150. In another embodiment, MAC layer signaling
does not specity the duration T of the downlink OFDMA
signal 150, but rather specifies different respective times at
which respective client stations should send respective
acknowledgments of the downlink OFDMA signal 150. In
another embodiment, the AP utilizes MAC layer signaling to
specify a single time at which all client stations correspond-
ing to the downlink OFDMA signal 150 should simultane-
ously transmit respective acknowledgments.

In another embodiment, a downlink OFDMA signal
includes one or more OFDM sub-channel blocks that have
a format substantially similar to the “mixed mode” data unit
PHY format specified in the IEEE 802.11n Standard and one
or more OFDM sub-channel blocks that have a format
substantially similar to the “Green field mode” data unit
PHY format specified in the IEEE 802.11n Standard. In one
implementation, the AP forms the downlink OFDMA signal
so that the duration of each of the OFDM sub-channel blocks
is the same. In another implementation, the duration of each
of the OFDM sub-channel blocks need not be the same.

In another embodiment, a downlink OFDMA signal
includes one or more OFDM sub-channel blocks that con-
form to a defined communication protocol specification,
such as the IEEE 802.11ac Standard now in the process of
being adopted, so that each OFDM sub-channel block in the
OFDMA data unit forms an OFDM data unit. In some
embodiments, information in preambles of OFDM sub-
channel blocks of an OFDMA data unit indicate or signals
that each OFDM sub-channel block is part of an OFDMA
data unit. In an embodiment, such signaling information is
included in a suitable preamble field such as a field that is the
same as or similar to the L-SIG field and/or the HT-SIG field
specified in the IEEE 802.11a and IEEE 802.11n Standards.

In some embodiments, client stations respond with an
acknowledgment signal (ACK) or a negative ACK signal
(NAK) after the AP transmits each downlink OFDMA data
unit or after the AP transmits a plurality of downlink
OFDMA data units (referred to as “Block ACK”). FIG. 6 is
a diagram illustrating the transmission of a downlink
OFDMA data unit 200 by an AP, and the transmission of
ACKs 204 by client stations in response to the downlink
OFDMA data unit 200, according to an embodiment. In the
scenario illustrated in FIG. 6, four client stations success-
fully received data transmitted in the downlink OFDMA
data unit 200. In response, each of the four client stations
transmits an ACK 204 simultaneous with the transmission of
the other ACKs 204. The ACKs are transmitted after a short
inter-frame space (SIFS) interval. In the IEEE 802.11n
Standard, SIFS is specified as 16 microseconds, but any
suitable SIFS period can be utilized, depending on the
particular implementation. In an embodiment, the downlink
OFDMA data unit 200 and the ACKs 204 are transmitted in
a time period reserved for OFDMA transmissions in the
WLAN. According to an embodiment, client stations trans-
mit ACKs/NAKs by an uplink OFDMA data unit, which will
be discussed in more detail below. Each client station
transmits the ACK 204 in a different OFDM sub-channel
block.

In one embodiment, each client station determines when
to transmit an ACK/NAK based on a determined duration of
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the OFDMA data unit 200. As discussed above with respect
to FIG. 4, the AP can provide information in the OFDMA
data unit 200 that indicates the duration of the OFDMA data
unit 200, and a client station can use this information to
determine when to transmit the ACK 204. In another
embodiment, the AP assigns a time slot to the client stations
in which each client station can transmit an ACK/NAK. For
example, a MAC unit in the AP can signal, in an OFDMA
data unit previous to the OFDMA data unit 200, the time
period in which the client stations are to transmit ACKs/
NAKs.

FIG. 7 is a diagram illustrating the transmission of a
downlink OFDMA data unit 250 by an AP, and the trans-
mission of ACKs 254 by client stations in response to the
downlink OFDMA data unit 250, according to an embodi-
ment. In the scenario illustrated in FIG. 7, four client stations
successfully received data transmitted in the downlink
OFDMA data unit 250. In response, each of the four client
stations transmits an ACK 254 at different specified times.
The downlink OFDMA data unit 250 and the ACKs are
transmitted in a time period reserved for OFDMA. A MAC
unit of the AP has signaled each of the client stations
providing each client station with an indication of the time
at which the client station can transmit an ACK/NAK. For
example, according to an embodiment, the MAC unit of the
AP provides ACK/NAK time slot information to the client
stations when providing information regarding the reserved
time period for OFDMA.

The ACKs are spaced by SIFS intervals. In an embodi-
ment, the downlink OFDMA data unit 250 and the ACKs
254 are transmitted in a time period reserved for OFDMA
transmissions in the WLAN. According to an embodiment,
client stations transmit ACKs/NAKs by an uplink OFDMA
data unit, which is discussed in more detail below. Each
client station transmits the ACK 254 in a different OFDM
sub-channel block.

In an embodiment, the AP assigns the time slots to the
client stations in which each client station can transmit the
ACKSs/NAKs. For example, a MAC unit in the AP can
signal, in an OFDMA data unit previous to the OFDMA data
unit 250, the time period in which a client stations is to
transmit an ACK/NAK.

In another embodiment, ACKs/NAKs are transmitted by
the client stations after receiving a plurality of downlink
OFDMA data units (referred to as “Block ACK™). In this
embodiment, a client station determines when to transmit a
Block ACK based on determining a duration of a downlink
OFDMA data unit or transmits in a time slot assigned by the
AP, for example.

In an embodiment, the downlink OFDMA signal is con-
figured to be received and decoded by a legacy client station
(e.g., a client station configured to communicate according
to the IEEE 802.11a Standard and/or the IEEE 802.11n
Standard). In an embodiment, the AP does not signal to at
least the legacy client stations that an OFDMA data unit is
an OFDMA signal (as opposed to an OFDM data unit
according to the legacy protocol (e.g., the IEEE 802.11a
Standard and/or the IEEE 802.11n Standard). In an embodi-
ment, at least OFDM sub-channel blocks corresponding to
legacy client stations have the same duration as the down-
link OFDMA signal so that ACKs/NAKSs transmitted by the
legacy client station occur at appropriate times with respect
to the OFDMA data unit.

FIG. 8 is a flow diagram of an example method 300 that
is implemented by an AP in a WLAN, according to an
embodiment. At block 304, a plurality of different OFDM
sub-channel blocks are assigned to a plurality of different
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client stations. At block 308, a plurality of independent data
streams (i.e., the streams include different data) are received,
wherein each data stream corresponds to a respective client
station, and the data streams are to be transmitted to the
client stations. At block 312, downlink OFDM data units are
generated such that the plurality of independent data streams
are modulated in respective OFDM sub-channel blocks. In
an embodiment, generating downlink OFDM data units
comprises including an indication in a downlink OFDM data
unit that the data unit is an OFDMA data unit (i.e., the data
unit includes multiple OFDM sub-channel blocks corre-
sponding to different client stations. In an embodiment,
generating downlink OFDM data units comprises including
an indication in an OFDM sub-channel block of a duration
of a downlink OFDM data unit (i.e., an indication of a
duration of the longest duration OFDM sub-channel block in
the OFDMA data unit) separate from an indication of the
duration of the OFDM sub-channel block. According to an
embodiment, the indication of the duration of the downlink
OFDM data unit includes an indication of a rate and an
indication of a length corresponding to the longest duration
OFDM sub-channel block in the OFDMA data unit.

At block 316, the AP transmits the OFDM data units
generated at block 312.

FIG. 9 is a flow diagram of an example method 350 that
is implemented by an AP in a WLAN, according to an
embodiment. In an embodiment, the method 350 is imple-
mented in conjunction with the method 300 of FIG. 8.

At block 354, the AP determines a time period that is
reserved for downlink OFDMA signals. In one embodiment,
the AP also determines a time or times at which client
stations can transmit ACKs/NAKs or Block ACKs in
response to downlink OFDMA data units.

At block 358, the AP transmits to the client stations data
indicative of the time period determined at block 354. In one
embodiment, the AP also transmits data indicative of the
time or times at which client stations can transmit ACKs/
NAKs or Block ACKs in response to downlink OFDMA
data units.

FIG. 10 is a block diagram of an example PHY unit 400
of an AP, according to an embodiment. Referring again to
FIG. 1, the PHY unit 20 of the AP 14 includes the PHY unit
400 of FIG. 10, in an embodiment.

The PHY unit 400 includes a plurality of processing
blocks 404. In an embodiment, each processing block 404
performs forward error correction (FEC) encoding, modu-
lation, and spatial mapping functions in a manner the same
as or similar to such functions described in the IEEE 802.11a
Standard and/or the IEEE 802.11n Standard. In FIG. 10, four
processing blocks 404 are illustrated. In other embodiments,
a different number of processing blocks 404 are included.
For example, in one embodiment, a single processing block
404 is time-shared to process multiple data streams received
in parallel.

The processing blocks 404 receive a plurality of indepen-
dent data streams to be transmitted to a plurality of client
devices. In the embodiment of FIG. 10, each processing
block 404 processes a different one of the independent data
streams and generates a plurality of constellation points
corresponding to a plurality of OFDM sub-channels.

Outputs of the processing blocks 404 are provided to a
mapping unit 408. The mapping unit 408 concatenates
constellation points from the processing blocks 404 into a
larger width OFDM symbol. For example, if the output of
each processing block 404 corresponds to a 20 MHz wide
(64-point inverse fast Fourier transform (IFFT)) OFDM
symbol, then the mapping unit 408 concatenates the outputs
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of the processing blocks 404 into an 80 MHz wide (256-
point IFFT). As another example, if the output of each
processing block 404 corresponds to a 40 MHz wide (128-
point IFFT) OFDM symbol, then the mapping unit 408
concatenates the outputs of the processing blocks 404 into a
160 MHz wide (512-point IFFT).

An IFFT unit 412 generates a time-domain signal from the
output of the mapping unit 408. In an embodiment, the IFFT
unit 412 has a width larger than in a typical AP configured
to implement the IEEE 802.11a Standard and/or the IEEE
802.11n Standard. In one embodiment, the IFFT unit 412
implements a 256-point IFFT. In another embodiment, the
IFFT unit 412 implements a 512-point IFFT. In another
embodiment, the IFFT unit 412 implements a suitable width
IFFT other than a 256-point IFFT or a 512-point IFFT.

A digital processing and digital-to-analog converter
(DAC) block 416 processes the output of the IFFT unit 412
and generates an analog signal. In an embodiment, the
digital processing and DAC block 416 includes a guard
interval insertion unit. In another embodiment, the digital
processing and DAC block 416 includes a windowing unit
to smooth edges of each OFDM symbol. In an embodiment,
the digital processing and DAC block 416 is configured to
process signals with a larger bandwidth as compared to a
similar processing block in a typical AP configured to
implement the IEEE 802.11a Standard and/or the IEEE
802.11n Standard. In one embodiment, the digital processing
and DAC block 416 is configured to process signals with a
bandwidth of 80 MHz. In another embodiment, the digital
processing and DAC block 416 is configured to process
signals with a bandwidth of 160 MHz. In another embodi-
ment, the digital processing and DAC block 416 is config-
ured to process signals with a bandwidth different than 80
MHz or 160 MHz.

A radio frequency (RF) modulation block 420 generally
upconverts the output of the digital processing and DAC
block 416 to generate an RF signal, which is transmitted by
an antenna 424. In an embodiment, the RF modulation block
420 is configured to process signals with a larger bandwidth
as compared to a similar RF block in a typical AP configured
to implement the IEEE 802.11a Standard and/or the IEEE
802.11n Standard. In one embodiment, the RF modulation
block 420 is configured to process signals with a bandwidth
of 80 MHz. In another embodiment, the RF modulation
block 420 is configured to process signals with a bandwidth
of 160 MHz. In another embodiment, the RF modulation
block 420 is configured to process signals with a bandwidth
different than 80 MHz or 160 MHz.

In an embodiment, the PHY unit 400 is a sub-unit in a
MIMO PHY unit. In this embodiment, the MIMO PHY unit
includes a plurality of digital processing and DAC blocks
416 and a plurality of RF modulation blocks 420 corre-
sponding to a plurality of antennas 424. In another embodi-
ment, the MIMO PHY unit includes a plurality of mapping
units 408 and a plurality of IFFT units 412 corresponding to
a plurality of transmit chains. In this embodiment, each
processing block 404 generates a plurality of outputs cor-
responding to a plurality of spatially mapped transmit chain
signals. In another embodiment, the MIMO PHY unit
includes a beamforming unit.

FIG. 11 is a block diagram of an example PHY unit 450
of'an AP, according to another embodiment. Referring again
to FIG. 1, the PHY unit 20 of the AP 14 includes the PHY
unit 450 of FIG. 11, in an embodiment.

The PHY unit 450 includes the plurality of processing
blocks 404 of FIG. 10. A plurality of IFFT units 454 generate
time-domain signals from the outputs of the processing
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blocks 404. In an embodiment, each IFFT unit 454 has a
width such as in a typical AP configured to implement the
IEEE 802.11a Standard and/or the IEEE 802.11n Standard.
In one embodiment, each IFFT unit 454 implements a
64-point IFFT. In another embodiment, each IFFT unit 454
implements a 128-point IFFT. In another embodiment, each
IFFT unit 454 implements a suitable width IFFT other than
a 64-point IFFT or a 128-point IFFT.

A plurality of digital processing and DAC blocks 458
process the outputs of the IFFT units 454 and generate
corresponding analog signals. In an embodiment, each digi-
tal processing and DAC block 458 includes a guard interval
insertion unit. In another embodiment, each digital process-
ing and DAC block 458 includes a windowing unit to
smooth edges of each OFDM symbol. In an embodiment,
each digital processing and DAC block 458 is configured to
process signals having a bandwidth such as in a typical AP
configured to implement the IEEE 802.11a Standard and/or
the IEEE 802.11n Standard. In one embodiment, each digital
processing and DAC block 458 is configured to process
signals with a bandwidth of 20 MHz. In another embodi-
ment, each digital processing and DAC block 458 is con-
figured to process signals with a bandwidth of 40 MHz. In
another embodiment, each digital processing and DAC
block 458 is configured to process signals with a bandwidth
different than 20 MHz or 40 MHz.

A plurality of RF modulation blocks 462 generally upcon-
vert the outputs of the digital processing and DAC block 458
to generate RF signals, which are transmitted by respective
antennas 466. In an embodiment, each RF modulation block
462 is configured to process signals having a bandwidth
such as in a typical AP configured to implement the IEEE
802.11a Standard and/or the IEEE 802.11n Standard. In one
embodiment, each RF modulation block 462 is configured to
process signals with a bandwidth of 20 MHz. In another
embodiment, each RF modulation block 462 is configured to
process signals with a bandwidth of 40 MHz. In another
embodiment, each RF modulation block 462 is configured to
process signals with a bandwidth different than 20 MHz or
40 MHz.

In an embodiment, the PHY unit 450 is a sub-unit in a
MIMO PHY unit. In one embodiment, the MIMO PHY unit
includes an additional set of one or more of the IFFT units
454, the digital processing and DAC blocks 458, and the RF
modulation blocks 462 for each of a plurality of transmit
chains. In one embodiment, the MIMO PHY unit includes a
beamforming unit.

In one embodiment, the AP utilizes a single MAC address
for the different OFDM sub-channel blocks. In an embodi-
ment, the AP includes a MAC unit that includes a plurality
of transmit/receive processing blocks corresponding to the
plurality of client devices with which the AP is communi-
cating using OFDMA signals such as described above. The
plurality of transmit/receive processing blocks in the MAC
unit process the independent data streams simultaneously
and/or in parallel.

In an embodiment, a client station that supports OFDMA
signaling as described above includes a modified PHY unit
(as compared to a PHY unit configured to operate according
to the IEEE 802.11a Standard and/or the IEEE 802.11n
Standard). For example, the modified PHY unit is configured
to determine when a received data unit is within an OFDMA
data unit, according to an embodiment. For instance, the
PHY unit examines the L-SIG and/or HT-SIG “reserved”
bits to detect an OFDMA data unit, in an embodiment. As
another example, the modified PHY unit is configured to
determine when an OFDMA data unit will end, as opposed
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to an OFDM sub-channel block within the OFDMA data
unit that corresponds to the client station, according to an
embodiment. For instance, the PHY unit examines the
Length and Rate subfields in the L-SIG field to determine a
duration of the OFDMA data unit for purposes of determin-
ing when to transmit an ACK/NAK, in an embodiment.

In an embodiment, a client station that supports OFDMA
signaling as described above includes a modified MAC unit
(as compared to a MAC unit configured to operate according
to the IEEE 802.11a Standard and/or the IEEE 802.11n
Standard). For example, the modified MAC unit is config-
ured to interpret MAC signals from the AP regarding when
the client can transmit ACKs/NAKSs or Block ACKs, accord-
ing to an embodiment. As another example, the modified
MAC unit is configured to interpret MAC signals from the
AP regarding periods reserved for OFDMA signals.

In an embodiment, a combination of PHY and MAC
signaling is utilized for indicating OFDMA data units, the
duration of OFMDA data units, and/or reserved time slots
for OFDMA signals. In this embodiment, a client station that
supports OFDMA signaling as described above includes a
modified PHY unit and a modified MAC unit, such as
described above.

FIG. 12 is a diagram illustrating communications in a
WLAN 470 during three time periods: a first CSMA period
474, an OFDMA time period 478, and a second CSMA
period 482. In FIG. 12, time progresses from left to right so
that the first CSMA period 474 occurs first, the OFDMA
time period 478 occurs second, and the second CSMA
period 482 occurs third. The WLAN includes an AP, a
plurality of legacy client stations (I.Cs), and a plurality of
OFDMA client stations (OC).

In the first CSMA period 474, the AP transmits a legacy
downlink single to one of the L.Cs. The OFDMA period 478
is reserved for OFDMA signal transmissions. Thus, in the
OFDMA period 478, the AP transmits a downlink OFDMA
signal to a plurality of OCs. The downlink OFDMA signal
includes a plurality of OFDM sub-channel blocks corre-
sponding to the plurality of OCs. In the OFDMA period 478,
the plurality of OCs also transmit ACKs/NAKSs (not shown)
in response to the downlink OFDMA signal, according to an
embodiment. In the second CSMA period 482, an LC
transmits a legacy uplink transmission to the AP.

Embodiments of a PHY frame format for uplink OFDMA
signals will now be described. In the following embodi-
ments, OFDM sub-channel blocks have a format substan-
tially similar to the PHY format specified in the IEEE
802.11n Standard. In other embodiments, OFDM sub-chan-
nel blocks have a format substantially similar to another
communication protocol such as the PHY format specified in
the IEEE 802.11a Standard or a communication protocol not
yet standardized.

An uplink OFDMA signal comprises a plurality of OFDM
sub-channel blocks, a plurality of which are transmitted by
different client stations. In one embodiment, each OFDM
sub-channel block substantially conforms to the “mixed
mode” format as specified in the IEEE 802.11n Standard. In
another embodiment each OFDM sub-channel block sub-
stantially conforms to the “Green field” format as specified
in the IEEE 802.11n Standard. In another embodiment, the
OFDM sub-channel blocks in an uplink OFDMA data unit
are mixture of “mixed mode” and “Green field” substantially
formatted data units.

In one embodiment, an uplink OFDMA data unit with
mixed mode OFDM sub-channel blocks transmitted by the
plurality of clients has a format the same as or similar to the
format illustrated in FIG. 4. According to one embodiment,
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the L-SIG “reserved” bit is not set to indicate an OFDMA
data unit. According to another embodiment, each client
station sets the L-SIG “reserved” bit if the client station is
aware that the OFDM sub-channel block that the client
station is transmitting is part of an uplink OFDMA data unit.
According to another embodiment, each client station does
not set the Length and Rate subfields in the L-SIG field
differently than when transmitting a CSMA signal. Accord-
ing to another embodiment, each client station sets Length
and Rate subfields in the L-SIG field to correspond to the
duration of the uplink OFDMA data unit if the client station
is aware of the duration of the uplink OFDMA data unit.

In one embodiment, the AP reserves a time period for
transmission of uplink OFDMA signals. In this embodiment,
the AP transmits information regarding the starting time,
ending time, and/or duration of the reserved time period to
the client stations.

According to an embodiment, an AP capable of receiving
an uplink OFDMA signal includes an RF demodulation
block, an analog-to-digital converter (ADC) and processing
block, and an FFT unit that are configured to process signals
with a larger bandwidth as compared to similar blocks in a
typical AP configured to implement the IEEE 802.11a Stan-
dard and/or the IEEE 802.11n Standard. In one embodiment,
these blocks are configured to process signals with a band-
width of 80 MHz. In another embodiment, these blocks are
configured to process signals with a bandwidth of 160 MHz.
In another embodiment, these blocks are configured to
process signals with a bandwidth different than 80 MHz or
160 MHz.

In another embodiment, an AP capable of receiving an
uplink OFDMA signal includes a plurality of RF demodu-
lation blocks, a plurality of ADC and processing blocks, and
a plurality of FFT units that are configured to process signals
process signals having a bandwidth such as in a typical AP
configured to implement the IEEE 802.11a Standard and/or
the IEEE 802.11n Standard. In one embodiment, each such
block is configured to process signals with a bandwidth of 20
MHz. In another embodiment, each such block is configured
to process signals with a bandwidth of 40 MHz. In another
embodiment, each such block is configured to process
signals with a bandwidth different than 20 MHz or 40 MHz.
In these embodiments, the plurality of blocks operate in
parallel to process each OFDM sub-channel block, which
has a smaller bandwidth than the uplink OFDMA signal, in
parallel.

In one embodiment, the AP utilizes a single MAC address
for receiving different OFDM sub-channel blocks. In an
embodiment, the AP includes a MAC unit that includes a
plurality of receive processing blocks corresponding to the
plurality of client devices with which the AP is communi-
cating using OFDMA signals such as described above. The
plurality of receive processing blocks in the MAC unit
process the independent data streams received from the
client stations simultaneously and/or in parallel.

In an embodiment, an AP that supports uplink OFDMA
signaling as described above includes a modified PHY unit
(as compared to a PHY unit configured to operate according
to the IEEE 802.11a Standard and/or the IEEE 802.11n
Standard). For example, the modified PHY unit is configured
to operate at a wider bandwidth as described above, accord-
ing to an embodiment.

In an embodiment, an AP that supports uplink OFDMA
signaling as described above includes a modified MAC unit
(as compared to a MAC unit configured to operate according
to the IEEE 802.11a Standard and/or the IEEE 802.11n
Standard). For example, the modified MAC unit is config-
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ured to determine when the AP can transmit ACKs/NAKSs or
Block ACKs, according to an embodiment. As another
example, the modified MAC unit is configured to reserve
time periods for uplink OFDMA signals.

In an embodiment, a legacy AP is capable of receiving and
decoding data transmitted in an OFDM sub-channel block
by a client station as part of an uplink OFDMA signal.

In an embodiment, a client that supports uplink OFDMA
signaling as described above merely implements a PHY data
unit that conforms to the IEEE 802.11a Standard and/or the
IEEE 802.11n Standard. In another embodiment, a client
that supports uplink OFDMA signaling as described above
includes a modified PHY unit (as compared to a PHY unit
configured to operate according to the IEEE 802.11a Stan-
dard and/or the IEEE 802.11n Standard). For example, the
modified PHY unit is configured to perform PHY signaling
regarding uplink OFDMA.

In an embodiment, a client that supports uplink OFDMA
signaling as described above includes a modified MAC unit
(as compared to a MAC unit configured to operate according
to the IEEE 802.11a Standard and/or the IEEE 802.11n
Standard). For example, the modified MAC unit is config-
ured to determine when the AP can transmit uplink signals
with respect to a reserved time period for uplink OFDMA,
according to an embodiment.

FIG. 13 is a diagram illustrating the transmission of an
uplink OFDMA data unit 500 by a plurality of client
stations, and the transmission of ACKs 504 by the AP in
response to the uplink OFDMA data unit 500, according to
an embodiment. In the scenario illustrated in FIG. 13, four
client stations simultaneously transmit respective OFDM
sub-channel blocks 508 to the AP. The OFDM sub-channel
blocks 508 form the uplink OFDMA data unit 500.

In the scenario illustrated in FIG. 13, the AP successfully
received each of the OFDM sub-channel blocks 508. In
response, the AP transmits an OFDMA data unit that com-
prises ACKs 504 corresponding to different OFDM sub-
channel blocks. In an embodiment, the OFDMA data unit
that comprises the ACKs 504 has a format the same as or
similar to a downlink OFDMA data unit as described with
respect to FIG. 5, the same as or similar to a downlink
OFDMA data unit as described with respect to FIG. 6, or has
another suitable format.

The uplink OFDMA data unit 500 and the ACKs 504 are
transmitted in a time period reserved for uplink OFDMA. A
MAC unit of the AP has signaled each of the client stations
providing each client station with an indication of the time
at which the client station can transmit the corresponding
OFDM sub-channel block 508. For example, according to an
embodiment, the MAC unit of the AP provides uplink
OFDMA time slot information to the client stations.

The ACKs are spaced from the OFDMA data unit 500 by
a SIFS intervals. In an embodiment, a MAC unit of a client
station is configured to wait, after the corresponding OFDM
sub-channel block, longer than the SIFS interval for an
ACK/NAK from the AP. In an embodiment, the MAC unit
of'the client station is configured to wait for a time out period
for retransmission if an ACK/NAK from the AP is not
received, wherein the time out period is longer than the SIFS
interval.

In an embodiment, the AP transmits Block ACKs after
receiving several uplink OFDMA data units.

According to an embodiment, the AP transmits a synchro-
nization signal to the client stations to help the client stations
synchronize for transmitting an uplink OFDMA signal. In an
embodiment, the synchronization signal is transmitted to the
client stations as a downlink OFDMA signal. FIG. 14 is a
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diagram illustrating the transmission of the uplink OFDMA
data unit 500 being preceded by the AP transmitting down-
link synchronization signals 520, according to an embodi-
ment. In an embodiment, the synchronization signals 520 are
transmitted to the client stations as a downlink OFDMA
signal. The synchronization signals 520 have the same
duration, according to an embodiment.

In the embodiment according to FIG. 14, each client
station transmits the corresponding OFDM sub-channel
block 508 at a determined time duration after receiving the
corresponding synchronization signal 520.

FIG. 15 is a diagram illustrating communications in a
WLAN 550 during three time periods: a first CSMA period
554, an OFDMA time period 558, and a second CSMA
period 562. In FIG. 15, time progresses from left to right so
that the first CSMA period 554 occurs first, the OFDMA
time period 558 occurs second, and the second CSMA
period 562 occurs third. The WLAN includes an AP, a
plurality of legacy client stations (I.Cs), and a plurality of
OFDMA client stations (OC).

In the first CSMA period 554, the AP transmits a legacy
downlink single to one of the L.Cs. The OFDMA period 558
is reserved for uplink OFDMA signal transmissions. Thus,
in the OFDMA period 558, a plurality of OCs transmit an
uplink OFDMA signal to the AP. The uplink OFDMA signal
includes a plurality of OFDM sub-channel blocks corre-
sponding to the plurality of OCs. In the OFDMA period 558,
the AP also transmits ACKs/NAKs (not shown) in response
to the uplink OFDMA signal, according to an embodiment.
According to an embodiment, in the OFDMA period 558,
the AP also transmits synchronization signals (not shown)
prior to the uplink OFDMA signal. In the second CSMA
period 562, an L.C transmits a legacy uplink transmission to
the AP.

According to some embodiments, the above discussed
OFDMA techniques are utilized in combination with simul-
taneous downlink transmission (SDT) techniques and simul-
taneous uplink transmission (SUT) techniques described in
U.S. patent application Ser. No. 12/175,526, entitled
“Access Point with Simultaneous Downlink Transmission of
Independent Data for Multiple Client Stations,” filed on Jul.
18, 2008, and U.S. patent application Ser. No. 12/175,501,
entitled “Wireless Network with Simultaneous Uplink
Transmission of Independent Data from Multiple Client
Stations,” filed on Jul. 18, 2008. Both of U.S. patent appli-
cation Ser. No. 12/175,526 and U.S. patent application Ser.
No. 12/175,501 are hereby expressly incorporated by refer-
ence herein in their entireties.

FIG. 16 is a flow diagram of an example method 600 that
is implemented by an AP in a WLAN, according to an
embodiment. At block 604, a plurality of different OFDM
sub-channel blocks are assigned to a plurality of different
client stations. At block 308, OFDM data units are received,
wherein each OFDM data unit comprises a plurality of
different OFDM sub-channel blocks transmitted by the
plurality of client stations simultaneously. In an embodi-
ment, a plurality of independent data streams are modulated
in respective OFDM sub-channel blocks.

At block 612, the plurality of independent data streams
are demodulated.

In another embodiment, the method includes transmitting
a synchronization signal from the AP prior to receiving each
OFDM signal at block 608.

FIG. 17 is a flow diagram of an example method 650 that
is implemented by an AP in a WLAN, according to an
embodiment. In an embodiment, the method 650 is imple-
mented in conjunction with the method 600 of FIG. 16.
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At block 654, the AP determines a time period that is
reserved for uplink OFDMA signals. At block 658, the AP
transmits to the client stations data indicative of the time
period determined at block 654.

At least some of the various blocks, operations, and
techniques described above may be implemented utilizing
hardware, a processor executing firmware instructions, a
processor executing software instructions, or any combina-
tion thereof. When implemented utilizing a processor
executing software or firmware instructions, the software or
firmware instructions may be stored in any computer read-
able memory such as on a magnetic disk, an optical disk, or
other storage medium, in a RAM or ROM or flash memory,
processor, hard disk drive, optical disk drive, tape drive, etc.
Likewise, the software or firmware instructions may be
delivered to a user or a system via any known or desired
delivery method including, for example, on a computer
readable disk or other transportable computer storage
mechanism or via communication media. Communication
media typically embodies computer readable instructions,
data structures, program modules or other data in a modu-
lated data signal such as a carrier wave or other transport
mechanism. The term “modulated data signal” means a
signal that has one or more of its characteristics set or
changed in such a manner as to encode information in the
signal. By way of example, and not limitation, communi-
cation media includes wired media such as a wired network
or direct-wired connection, and wireless media such as
acoustic, radio frequency, infrared and other wireless media.
Thus, the software or firmware instructions may be deliv-
ered to a user or a system via a communication channel such
as a telephone line, a DSL line, a cable television line, a fiber
optics line, a wireless communication channel, the Internet,
etc. (which are viewed as being the same as or interchange-
able with providing such software via a transportable storage
medium). The software or firmware instructions may
include machine readable instructions that, when executed
by the processor, cause the processor to perform various
acts.

When implemented in hardware, the hardware may com-
prise one or more of discrete components, an integrated
circuit, an application-specific integrated circuit (ASIC), etc.

While the present invention has been described with
reference to specific examples, which are intended to be
illustrative only and not to be limiting of the invention,
changes, additions and/or deletions may be made to the
disclosed embodiments without departing from the scope of
the invention.

What is claimed is:

1. A method, comprising:

assigning, at a first communication device, a plurality of
different orthogonal frequency division multiplexing
(OFDM) sub-channel blocks to a plurality of other
communication devices including a second communi-
cation device and a third communication device,
wherein the plurality of OFDM sub-channel blocks
includes a first OFDM sub-channel block assigned to
the second communication device and a second OFDM
sub-channel block assigned to the third communication
device, and wherein the second communication device
and the third communication device are members of a
wireless local area network (WLAN);

receiving, at the first communication device, data for the
second communication device;

receiving, at the first communication device, data for the
third communication device; and
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generating, at the first communication device, an orthogo-
nal frequency division multiple access (OFDMA) data
unit, including generating a plurality of OFDM data
units corresponding to the plurality of OFDM sub-
channel blocks, wherein each OFDM data unit includes
a respective preamble that occupies a bandwidth equal
to or less than a bandwidth of the corresponding OFDM
sub-channel block, and wherein the data received for
the second communication device is modulated on
sub-channels in the first OFDM sub-channel block and
the data received for the third communication device is
modulated on sub-channels in the second OFDM sub-
channel block;

wherein the data for the second communication device is

independent of the data for the third communication
device; and

wherein at least one of the OFDM sub-channel blocks is

formatted to substantially conform to a physical layer
specification of a WL AN communication protocol hav-
ing a maximum channel bandwidth smaller than a
bandwidth of the generated OFDMA data unit.

2. A method according to claim 1, wherein at least one of
the OFDM sub-channel blocks is formatted to substantially
conform to at least one of the physical layer specification of
the Institute for Electrical and Electronics Engineers (IEEE)
802.11a Standard and the physical layer specification of the
IEEE 802.11n Standard.

3. A method according to claim 1, wherein at least one of
the OFDM sub-channel blocks is formatted to conform to a
defined communication protocol specification so that the
OFDM sub-channel block includes an OFDM data unit that
conforms to the defined communication protocol specifica-
tion.

4. A method according to claim 1, wherein generating the
plurality of OFDM data units comprises including, in each
of the plurality of OFDM data units, a signal that indicates
the OFDM data unit is within an OFDMA data unit having
one or more other OFDM data units corresponding to one or
more other communication devices different than the second
communication and the third communication device.

5. A method according to claim 1, wherein generating the
plurality of OFDM data units includes generating a first
OFDM data unit having a duration less than a duration of the
OFDMA data unit.

6. A method according to claim 5, wherein generating the
plurality of OFDM data units comprises: including in the
first OFDM data unit an indication of the duration of the
OFDMA data unit.

7. A method according to claim 1, wherein generating the
plurality of OFDM data units includes generating a first
OFDM data unit corresponding to the second communica-
tion device and a second OFDM data unit corresponding to
the third communication device;

wherein the method further comprises zero padding data

for the second communication device so that a duration
of the first OFDM data unit corresponds to a duration
of the OFDMA data unit.

8. A method according to claim 1, wherein generating the
OFDM data units comprises generating a first OFDM data
unit corresponding to the second communication device and
a second OFDM unit corresponding to the third communi-
cation device;

wherein a data rate of the first OFDM data unit is different

than a data rate of the second OFDM data unit.

9. A method according to claim 1, further comprising
transmitting the OFDMA data unit.
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10. A method according to claim 9, further comprising
receiving an OFDMA data unit including a plurality of
acknowledgement or negative acknowledgment signals
transmitted simultaneously by the second communication
device and the third communication device.
11. An apparatus, comprising:
a wireless local area network (WLAN) network interface
device having one or more integrated circuit (IC)
devices; and
a physical layer (PHY) processing unit implemented on
the one or more IC devices, the PHY processing unit
configured to:
assign a plurality of different orthogonal frequency
division multiplexing (OFDM) sub-channel blocks
to a plurality of other communication devices includ-
ing a first communication device and a second com-
munication device, wherein the plurality of different
OFDM sub-channel blocks includes a first OFDM
sub-channel block assigned to the first communica-
tion device and a second OFDM sub-channel block
assigned to the second communication device, and

form, using data received for the first communication
device and data received for the second communi-
cation device, an orthogonal frequency division mul-
tiple access (OFDMA) data unit that includes a first
OFDM data unit corresponding to the first OFDM
sub-channe] block and a second OFDM data unit
corresponding to the second OFDM sub-channel
block, wherein each of the first OFDM data unit and
the second OFDM data unit includes a respective
preamble that occupies a bandwidth equal to or less
than a bandwidth of the corresponding OFDM sub-
channel block, and wherein the data received for the
first communication device is modulated on sub-
channels in the first OFDM sub-channel block and
the data received for the second communication
device is modulated on sub-channels in the second
OFDM sub-channel block;

wherein the data for the first communication device is
independent of the data for the second communication
device; and

wherein each of the first OFDM data unit and the second
OFDM data unit is formatted to substantially conform
to a physical layer specification of a WLAN commu-
nication protocol having a maximum channel band-
width smaller than a bandwidth of the generated
OFDMA data unit.

12. An apparatus according to claim 11, wherein the PHY
processing unit is configured to include, in each of a
plurality of OFDM sub-channel block data units, a signal
that indicates the OFDM sub-channel block data unit is
within an OFDMA data unit having one or more other
OFDM data units corresponding to one or more other
communication devices.

13. An apparatus according to claim 11, wherein the PHY
processing unit is configured to generate the OFDMA data
unit so that one or both of (i) the first OFDM data unit and
(ii) the second OFDM data unit has a respective duration less
than a duration of the OFDMA data unit.

14. An apparatus according to claim 13, wherein the PHY
processing unit is configured to include in the first OFDM
data unit an indication of the duration of the OFDMA data
unit.

15. An apparatus according to claim 11, wherein the PHY
processing unit is configured to:
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zero pad data for the first device so that a duration of the
first OFDM data unit corresponds a duration of the
OFDMA data unit.

16. An apparatus according to claim 11,

wherein a data rate of the first OFDM data unit is different
than a data rate of the second OFDM data unit.

17. A method, comprising:

assigning, at a first communication device, a plurality of
different orthogonal frequency division multiplexing
(OFDM) sub-channel blocks to a plurality of other
communication devices including a second communi-
cation device and a third communication device,
wherein the plurality of OFDM sub-channel blocks
includes a first OFDM sub-channel block assigned to
the second communication device and a second OFDM
sub-channel block assigned to the third communication
device, and wherein the second communication device
and the third communication device are members of a
wireless local area network (WLAN);

receiving data for the second communication device;

receiving data for the third communication device; and

generating an orthogonal frequency division multiple
access (OFDMA) data unit that includes a first OFDM
data unit and second OFDM data unit respectively
corresponding to the first OFDM sub-channel block
and the second OFDM sub-channel block, wherein the
data received for the second communication device is
included in the first OFDM data unit corresponding to
the first OFDM sub-channel block, and wherein the
data received for the third communication device is
included in the second OFDM data unit corresponding
to the second OFDM sub-channel block;

wherein each of the first OFDM data unit and the second
OFDM data unit includes a respective indication of a
duration of the OFDMA data unit, and wherein at least
one of (i) the first OFDM data unit and (ii) the second
OFDM data unit has a respective duration different than
the duration of the OFDMA data unit; and

wherein at least one of the OFDM sub-channel blocks is
formatted to substantially conform to a physical layer
specification of a WL AN communication protocol hav-
ing a maximum channel bandwidth smaller than a
bandwidth of the generated OFDMA data unit.

18. A method according to claim 17, wherein data for the
second communication device is independent of the data for
the third communication device.

19. A method according to claim 17, wherein a data rate
of'the first OFDM data unit is different than a data rate of the
second OFDM data unit.

20. A method according to claim 17, further comprising
transmitting the OFDMA data unit.

21. A method according to claim 20, further comprising
receiving an OFDMA data unit including a plurality of
acknowledgement or negative acknowledgment signals
transmitted simultaneously by the second communication
device and the third communication device.

22. An apparatus, comprising:

a wireless local area network (WLAN) network interface
device having one or more integrated circuit (IC)
devices; and

a physical layer (PHY) processing unit implemented on
the one or more IC devices, the PHY processing unit
configured to:
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assign a plurality of different orthogonal frequency
division multiplexing (OFDM) sub-channel blocks
to a plurality of other communication devices includ-
ing a first communication device and a second com-
munication device, wherein the plurality of OFDM
sub-channel blocks includes a first OFDM sub-chan-
nel block assigned to the first communication device
and a second OFDM sub-channel block assigned to
the second communication device, and wherein the
first communication device and the second commu-
nication device are members of a wireless local area
network (WLAN),

receive data for the first communication device,

receive data for the second communication device, and

generate an orthogonal frequency division multiple
access (OFDMA) data unit that includes a first
OFDM data unit and second OFDM data unit respec-
tively corresponding to the first OFDM sub-channel
block and the second OFDM sub-channel block,
wherein the data received for the first communica-
tion device is included in the first OFDM data unit
corresponding to the first OFDM sub-channel block,
and wherein the data received for the second com-
munication device is included in the second OFDM
data unit corresponding to the second OFDM sub-
channel block;

wherein each of the first OFDM data unit and the second

OFDM data unit includes a respective indication of a
duration of the OFDMA data unit, and wherein at least
one of (i) the first OFDM data unit and (ii) the second
OFDM data unit has a respective duration different than
the duration of the OFDMA data unit; and

wherein at least one of the OFDM sub-channel blocks is

formatted to substantially conform to a physical layer
specification of a WL AN communication protocol hav-
ing a maximum channel bandwidth smaller than a
bandwidth of the generated OFDM data units.

23. An apparatus according to claim 22, wherein data for
the first communication device is independent of the data for
the second communication device.

24. An apparatus according to claim 22, wherein a data
rate of the first OFDM data unit is different than a data rate
of the second OFDM data unit.

25. An apparatus according to claim 22, further compris-
ing transmitting the OFDMA data unit.

26. An apparatus according to claim 25, further compris-
ing receiving an OFDMA data unit including a plurality of
acknowledgement or negative acknowledgment signals
transmitted simultaneously by the first communication
device and the second communication device.

27. An apparatus according to claim 25, wherein the PHY
processing unit comprises one or more transceivers.

28. An apparatus according to claim 27, further compris-
ing:

one or more antennas coupled to the one or more trans-

ceivers.

29. An apparatus according to claim 11, wherein the PHY
processing unit comprises one or more transceivers.

30. An apparatus according to claim 29, further compris-
ing:

one or more antennas coupled to the one or more trans-

ceivers.
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